Abstract [HIPTN 3 N]
Introduction
Dinitrogen is reduced to ammonia under mild conditions by nitrogenases, the most studied and best known being the FeMo nitrogenase. 1 In all cases dihydrogen is also formed. The minimum amount of dihydrogen, approximately one equivalent per dinitrogen reduced, is formed in the FeMo nitrogenase system at high pressures (e.g. 50 atm N 2 ). 2 Formation of one equivalent of dihydrogen per two equivalents of ammonia amounts to a 75% yield of ammonia in terms of reducing equivalents employed. At 1 atm the yields of ammonia vary between 40 and 60%. 3 How dihydrogen is formed and the extent to which its formation is coupled to the reduction of dinitrogen are still unknown. One possibility is that dihydrogen is formed through one or more metal-catalyzed reactions at sites that are different from where dinitrogen is reduced. Another view is that one equivalent of dihydrogen is formed at the same site where dinitrogen is reduced and one equivalent of dihydrogen must be formed for every dinitrogen reduced. What is known with certainty is that dihydrogen inhibits dinitrogen reduction. 3 Furthermore, under a D 2 atmosphere two equivalents of HD are formed during turnover of dinitrogen to ammonia, but no deuterium is incorporated into the solvent (H 2 O) or into the ammonia formed. 1a In 2003 it was shown that dinitrogen can be reduced catalytically to ammonia with protons and electrons by molybdenum complexes that contain the [HIPTN 3 . 4 The only other abiological catalytic reduction of dinitrogen by protons and electrons requires molybdenum but produces hydrazine as a primary product, with ammonia being formed through a relatively common metal-catalyzed disproportionation of hydrazine to ammonia and dinitrogen. 5 In the [HIPTN 3 N]Mo system dinitrogen binds end-on to a single Mo and is reduced by repeated alternate addition of a proton and an electron in the manner first proposed by Chatt. 6 The experimental results in various triamidoamine molybdenum systems are now strongly supported by numerous theoretical studies, the most relevant being studies that employ the full [HIPTN 3 N] 3− ligand. 7 These and other theoretical results are consistent with the experimental findings and proposed mechanism. 8 Ammonia is formed selectively (no hydrazine is detected) with an efficiency of 55-65% in electrons. The remaining reducing equivalents are used to form dihydrogen. The amount of ammonia increases from 63 % at 1 atm (15 psi) to 71 % at 30 psi when [HIPTN 3 N]Mo(N 2 ) is employed. 9 Experiments have not yet been conducted at pressures above 30 psi. The amount of dinitrogen that can be reduced is limited to ~4 equivalents under the conditions employed, in large part because the [HIPTN 3 N] 3− ligand is removed from the metal in the presence of protons and reducing agent. It is clear that ammonia is an inhibitor as a consequence of the necessary conversion of [ 12 We found that oxidation of [MoN 2 ] − with zinc acetate instead of zinc chloride led to samples of MoN 2 that were free of MoCl, and therefore samples of MoH 2 that were free of MoCl. Unfortunately, we were not able to obtain crystals of MoH 2 suitable for a complete X-ray structural study. Crystals obtained from a dilute pentane solution diffracted poorly, although it was clear from the preliminary structural solution that the [HIPTN 3 N] 3− ligand was coordinated to the metal in the usual manner to give essentially a trigonal monopyramidal species, and nothing could be observed in the coordination pocket.
MoH 2 also can be prepared by heating solid samples of MoN 2 under an atmosphere of dihydrogen at 60 °C for one week. Traces of an unidentified yellow species appear at temperatures above 70 °C. It is difficult to push the reaction to completion at 60 °C in the solid state unless the sample of MoN 2 is ground to a fine powder and the atmosphere is refreshed periodically with dihydrogen. Even then, a trace (~1 %) of MoN 2 (according to NMR spectra) always seems to be present in the final product. At 60 °C the risk of some irreversible decomposition is significant, so synthesis in solution at 22 °C is the preferred method. 2 and ethane in the gas phase were not determined.) The reaction is complete in a much shorter time than is required if the reaction were to proceed via formation of Mo. According to these results ethylene is hydrogenated to a significant extent. Since a solution of Mo(C 2 H 4 ) in C 6 D 6 at 22 °C under a hydrogen atmosphere is unchanged for weeks, ethane must be formed when ethylene attacks MoH 2 . Formation of ethane is most readily explained in classic terms, i.e., reaction of ethylene with a Mo(V) dihydride to give an ethyl hydride intermediate followed by reductive elimination. The Mo(V) dihydride need not be the ground state as long as it is readily accessible, i.e., from a Mo(III) dihydrogen complex.
MoCO 13 is formed immediately upon exposure of a solution of MoH 2 (or a solid sample more slowly) to an atmosphere of CO. However, the amount of dihydrogen formed as a product of this reaction when it was carried out in solution or in the solid state on samples that had been exposed to vacuum for some time was found to be less than one equivalent, typically between 0.30 and 0.70 equivalents, depending on the sample's history. However, when freshly prepared samples of MoH 2 in toluene were degassed and treated with CO, 0.95±0.05, 0.86±0.08, and 0.93±0.02 equivalents of H 2 were found in the atmosphere above the solution in three different experiments. Therefore MoH 2 clearly contains one equivalent of hydrogen.
A solution of MoH 2 turned red after one hour upon addition of trimethylphosphine and red Mo(PMe 3 ) was isolated in good yield (55% recrystallized) after 24 hours. The NMR spectrum of Mo(PMe 3 ) is very similar to that of MoN 2 and MoCO. Again less than one equivalent of dihydrogen was found in the gas phase when typically prepared MoH 2 samples in toluene were treated with several equivalents of PMe 3 .
The results of the reactions between MoH 2 and ethylene, CO, and PMe 3 suggest that only one equivalent of dihydrogen is present in MoH 2 . However, the speed of these reactions also suggests that these reactions do not proceed through loss of dihydrogen to give intermediate Mo, but through attack by ethylene, CO, and PMe 3 on MoH 2 . None of these results settles the question concerning whether MoH 2 is a dihydrogen complex or a classic dihydride, something in between, or something else entirely. (See later.)
The variable temperature NMR spectrum of MoH 2 is shown in Figure 1 . At −60 °C four backbone methylene protons can be observed at 9 (barely visible), −4, −40, and −62 ppm as a consequence of a "locking" of the ligand backbone in one C 3 conformation at low temperature, a known property of triamidoamine complexes. 14 As shown in Figure 2 at −60 °C the H p resonance is found at 4.4 ppm (#) and six isopropyl methine resonances (*) are present, consistent with only one type of HIPT substituent being present and each HIPT being in some locked, "twisted" configuration in which all methine protons are inequivalent in a given HIPT substituent. The H p resonance remains sharp down to −90 °C. As the temperature is raised the methylene proton resonances shift as a consequence of Curie-Weiss behavior and broaden and merge as a result of an interconversion of the two possible C 3 configurations of the ligand backbone to yield two backbone methylene resonances in a molecule with C 3v symmetry on the NMR time scale. 15 The methylene protons whose average resonance is found near −35 ppm equilibrate at approximately room temperature (see Figure 1 ). Above room temperature two methylene resonances emerge near −35 ppm and 3 ppm and two methine resonances are found in a ratio of 2:1, consistent with C 3v symmetry on the NMR time scale and rapid rotation about the nitrogen-aryl bonds. This behavior is similar to that of other Mo(III) complexes of this type such as MoN 2 ,12 MoCO, 13 The For MoCl and MoCO no ΔG ‡ could be obtained because the backbone signals were too broad or disappear into the baseline below T c . 20 The value of ΔG ‡ for the C 3 to C 3v conversion in MoH 2 is higher by ~2 kcal/mol than any other observed in a triamidoamine complex of this general type.
In the process of exploring MoH 2 , MoHD, and MoD 2 species we noticed that the H p protons could be observed (at 500 MHz) at 5.158 ppm for MoD 2 , 5.138 ppm for MoHD, and 5.125 ppm for MoH 2 at 22 °C (Figure 3) . Observation of only one MoHD resonance is consistent with a species that has C 3v symmetry on the NMR time scale.
Cyclic voltammetry studies on MoH 2 in PhF revealed no oxidation or reduction wave for MoH 2 between + 1 and −2.8 V.
Details of reactions involving MoN 2 or MoH 2
The reaction between MoN 2 and H 2 in C 6 D 6 was followed in proton NMR studies with mesitylene as an internal standard at pressures between 1/3 and 3 atm. The rate of the reaction does not depend upon H 2 pressure in this range. The rate constant (k −3 , Scheme 1) was found to be 3.4 × 10 −6 s −1 (t 1/2 = 57 h). Therefore, we propose that the exchange of N 2 for H 2 consists of rate-limiting loss of dinitrogen to yield unobservable trigonal monopyramidal Mo (equation Catalytic runs employing Mo≡N were carried out in a modified reactor designed to allow a small amount of gas to be injected before a standard reduction. After demonstrating that the reactor can be used successfully outside the inert atmosphere box in a standard run, including one in which additional dinitrogen was injected, two runs were carried out after injection of 5% and 10% of dihydrogen. These runs produced approximately one equivalent of ammonia from Mo≡N, but no ammonia from dinitrogen. Therefore we conclude that a large amount of dihydrogen (5% is approximately 32x the amount of Mo) prevents formation of any ammonia from dinitrogen. It remains to be seen whether relatively small amounts of dihydrogen also lead to observable inhibition, as proposed in the experiment noted immediately above.
Reactions that involve HD or D 2
When a solution that contains 0.1% of 
Discussion and Conclusions
One of the important findings from this work is that Splitting of dihydrogen heterolytically across a metal-ligand bond (often a Ru-N bond 24 ) has been proposed or observed in many circumstances. For example, in Noyori-type Ru-based ketone hydrogenation catalysts the dihydrogen(amido) complexes in the catalytic cycle are calculated to be too high in energy to be observed; only the hydride(amine) forms are observed. 25 External bases can act as a catalyst proton shuttle of a proton between the metal and the ligand. 26 Heterolytic splitting has also been proposed for complexes that contain metals other than ruthenium. 27 These findings provide support for the proposed heterolytic splitting of dihydrogen across a Mo-N amido bond to form MoHN H (equation 4). Evidence suggests that this heterolytic splitting is relatively rapid on the chemical time scale (allowing rapid H/D exchange at Mo), and may even be rapid on the NMR time scale at room temperature. However, as mentioned earlier, (negative) IR data do not support the ground state being MoHN H . Therefore, we still favor the proposal that MoH 2 is a Mo(III) dihydrogen complex, a Mo(V) dihydride, or something in between, and that MoHN H can be formed in a rapid equilibrium. Formation of MoHN H seems to be a likely contributor to the instability of MoH 2 under some conditions.
There is circumstantial evidence that other types of "arm-off" species might be formed under catalytic conditions since an amido nitrogen in MoN 2 is known to be protonated and the ligand ultimately stripped from the metal. Among the puzzling results that might be explained through addition of H to an amido nitrogen and formation of "arm-off" species are the following: (i) 28 Species in which an H is present on an amido nitrogen, whether the resulting amine donor is still coordinated to the metal or not, are still possible intermediates during catalytic turnover, although formation of "arm-off" species is a logical first step that ultimately leads to catalyst decomposition.
Experimental section General
All manipulations of air-and moisture-sensitive compounds were carried out by standard Schlenk and glovebox techniques under an atmosphere of nitrogen or argon using flame-and oven dried glassware, including NMR tubes. Ether, pentane, methylene chloride and toluene were purged with nitrogen, passed through activated alumina columns, and freeze-pumpthaw degassed three times if necessary; THF, heptane and C 6 D 6 were distilled from a dark purple Na/benzophenone ketyl solutions; PhF was distilled from P 2 O 5 under N 2 and THF-d 8 
General procedures for reductions of dinitrogen in the presence of dihydrogen
A catalytic apparatus is set up in the glove box according to previously published methods 4a using a receiving flask fitted with a side arm containing a 0-4 K Teflon plug, and a rubber septum for gas sampling or addition. The apparatus is then taken from the glove box and connected to a Schlenk line where the internal pressure is equilibrated to atmosphere under an N 2 flow. The apparatus is then removed from the line and attached to the syringe drive. A pressure-Lok ® syringe is flushed three times and filled with H 2 drawn from a flask under a constant H 2 purge. The syringe is locked and brought to the catalytic apparatus where it is opened and H 2 slowly driven out until the desired volume is reached. In a continuous motion the syringe is injected into the septum being careful not to over-pressurize the side arm. The plug is then opened and the desired volume of H 2 is injected into the system and mixed by pumping the syringe three times. The system is then allowed to equilibrate for 10 minutes, and the Teflon stopper is then closed. After 10 minutes the syringe is started and the run completed as previously described. 4a Analysis of ammonia is also done by the previously reported indophenol method. 4a
Catalytic reduction of dinitrogen employing the modified reactor
The catalytic apparatus described above had a total volume of 82.0 mL. To a receiving flask containing 9.0 mg (5.31 μmol) of [HIPTN 3 N]MoN and 321 mg (0.325 mmol) of Collidinium {BAr′ 4 }1.0 mL of heptane is added. The syringe barrel is then loaded with 81 mg (0.249 mmol) of Cp 2 * Cr in 9.1 mL of heptane. With the apparatus having a remaining headspace of 72.9 mL, 4.5 mL (0.200 mmol) of N 2 was added to the system as described above. Addition of 4.5 mL of N 2 increases the internal pressure of the apparatus by 6.3%. Upon completion of the catalytic run and indophenol analysis 6.4 equivalents of ammonia were obtained relative to molybdenum.
Catalytic reduction of dinitrogen in the presence of dihydrogen
To a catalytic reaction as described above 4.5 mL (0.200 mmol) of H 2 were added. Addition of 4.5 mL (0.200 mmol) of H 2 increased the internal pressure of the apparatus by 6.3 %, and H 2 accounted for 6.3 % of the N 2 /H 2 mixture, or 32 equivalents of H 2 versus Mo. Upon completion of the catalytic run and indophenol analysis an average of 0.87 equivalents of ammonia were obtained relative to molybdenum, or 0 from dinitrogen. Conversion of a mixture of H2 plus D2 (□) into HD (■) in C6D6 in the presence of 0.1 % MoH2 as a catalyst in C6D6 (y axis = %).
Scheme 1.
Exchange reactions relating MoN 2 , MoNH 3 , and MoH 2 .
